Approximately 30% of cognitively normal older adults harbor brain ␤-amyloid (A␤), a prominent feature of Alzheimer's disease associated with neural alterations and episodic memory decline. We examined how aging and A␤ deposition affect neural function during memory encoding of visual scenes using functional magnetic resonance imaging (fMRI) in humans. Thirty-six cognitively normal older people underwent fMRI scanning, and positron emission tomography with [ 11 C] Pittsburgh compound B to measure fibrillar brain A␤; 15 young subjects were studied with fMRI. Older adults without A␤ deposition showed reduced regional brain activation (compared with young subjects) with decreased task-independent functional connectivity between parahippocampal gyrus and prefrontal cortex. In this network, task-related connectivity was increased compared with young subjects, and the degree of connectivity was related to memory performance. In contrast, older individuals with A␤ deposition showed no such increased task-related network connectivity, but did display increased regional activity unassociated with performance. These findings suggest that network connectivity plays a significant role in compensating for reduced regional activity during successful memory encoding in aging without A␤ deposition, while in those with A␤ this network compensation fails and is accompanied by inefficient regional hyperactivation.
Introduction
Advanced age is commonly associated with decline in episodic memory (EM), disruption of regional neural activity, and altered coordination of large-scale brain systems involving the medial temporal lobe (MTL), prefrontal cortex (PFC), parietal cortex, and sensory association cortices that support EM in young adults Cabeza et al., 1997; Sperling et al., 2003; Wagner et al., 2005; Dennis et al., 2008; Duverne et al., 2008) . When young and older adults perform comparably on EM tasks, studies often find recruitment of additional brain regions, PFC in particular, in older adults, a finding interpreted as compensation for under-recruitment of brain regions normally engaged by young adults such as MTL (Morcom et al., 2003; Gutchess et al., 2005; Dennis et al., 2007) . Age-related functional alterations are also found in brain regions that normally display task-related decreases. Compared with young adults, older adults showed aberrant task-related activity increases and functional connectivity reduction across brain regions collectively known as the default mode network (DMN), which is engaged during the resting state and deactivated during externally driven cognitive processes (Lustig et al., 2003; Andrews-Hanna et al., 2007) . Considering the involvement of the DMN in memory retrieval processes Daselaar et al., 2009) , age-related disruption in the DMN suggests a close relationship between EM decline and age-related alterations in task-induced deactivation and temporal synchrony in brain activation across regions.
Recent studies using Pittsburg compound B (PIB)-positron emission tomography (PET) have detected pathological neural alterations before clinically evident cognitive decline. One of these pathological changes is accumulation of ␤-amyloid (A␤), a hallmark of Alzheimer's disease (AD) that is commonly found in normal older people (Bennett et al., 2006; Mintun et al., 2006) . Recent studies using PET to image fibrillar forms of A␤ show that its accumulation leads to structural and functional changes well before clinically evident decline is apparent (Perrin et al., 2009) . Studies examining functional changes in relation to A␤ pathology have found that the regional topography of A␤ deposition and the DMN are largely overlapping and that functional connectivity across brain regions in the DMN is significantly reduced in older people with amyloid deposition . Importantly, while age-related aberrant activation was noted in the DMN during the resting state and in task-positive brain regions during a task, the degree of dysfunction in regional activity, in posterior cingulate/precuneus and MTL in particular, was exacerbated in elderly subjects with higher A␤ deposition (Sperling et al., 2009; Vannini et al., 2013) . However, it remains unknown whether and how age and A␤ deposition affect functional con-nectivity in brain regions supporting EM while subjects are engaged in a task. In the present study, we aimed to dissociate the effect of age and A␤ deposition on regional brain activity and functional connectivity during memory encoding in normal older people. Based on these previous results, we hypothesized that regional activity in the MTL and visual association areas would decrease with advanced age, but increase with A␤ deposition and that task-related functional connectivity would be reduced by A␤ deposition.
Materials and Methods
Participants. Fifteen healthy young (mean age ϭ 23.2 years, 7 females) and 36 cognitively normal older adults (mean age ϭ 76.2 years, 22 females) were included in the present study. Older adults were additionally classified as either PIB positive (PIBϩ OLD) or PIB negative (PIBϪ OLD) based on the criteria described below. All subjects underwent functional magnetic resonance imaging (fMRI) and structural MRI scans and all older subjects completed PET scans using the radiotracer [
11 C] PIB. In addition, all older subjects underwent a medical interview and a detailed battery of neuropsychological tests. To be eligible for the study, older subjects were required to be 60 years or older, live independently in the community without neurological or psychiatric illness, and have no major medical illness or medication that influenced cognition. Apolipoprotein E (ApoE) 4 carrier status was determined for most older subjects using previously published methods (Agosta et al., 2009 ). All subjects provided informed consent in accordance with the Institutional Review Boards of the University of California, Berkeley, and the Lawrence Berkeley National Laboratory (LBNL).
Experimental design. During the fMRI acquisition, participants performed an incidental episodic encoding task, which has been described in detail previously (Mormino et al., 2012a) . Subjects in this study were a subset of those in our previous report (Mormino et al., 2012a ) who passed more stringent criteria for minimal head motion (i.e., within-run motion smaller than 0.5 mm in translation and 0.5 degree in rotation; Friston et al., 1996) . Briefly, participants were presented pictures of scenes one by one at the center of the screen over four functional runs. Each scene image was presented for 4.4 s with a varying intertrial interval (mean 3.46 s, range ϭ 0 -11 s). Subjects were instructed to indicate whether there was water or no water on each image by button press. A total of 200 trials (50 trials per run) were completed by subjects.
After the scan, subjects were given a surprise memory task in which they made a recognition judgment for each scene, indicating whether or not they had seen the scene previously in the experiment (new or old), and their level of confidence (high or low) in their decision. Presentations of scenes were classified as encoding trials to model hemodynamic responses, and categorized into three different trial types based on the recognition response to the presentation of each scene during the recognition task: (1) scenes subsequently remembered with high confidence (HC-HIT); (2) scenes subsequently remembered with low confidence (LC-HIT); and (3) scenes subsequently forgotten (MISS), collapsed across high and low confidence to obtain sufficient numbers of trials. In addition, encoding trials with no response for water judgment during the encoding task were separately modeled.
Individuals' recognition memory performance was calculated as a discriminability index using D-prime scores, which represent the proportion of hit rates corrected for false positive rates, combining high and low confidence ratings (Snodgrass and Corwin, 1988) .
PIB-PET acquisition, image processing and analysis. Detailed information on PET data acquisition and image processing is provided in a previous report (Mormino et al., 2012a) . Briefly, [
11 C] PIB was synthesized at LBNL's Biomedical Isotope Facility using a previously published protocol . All PET scans were performed at LBNL using a Siemens ECAT EXACT HR PET scanner in 3D acquisition mode. Dynamic acquisition frames were obtained over 90 min following injection of 10 -15mCi of [ 11 C] PIB. All PET images were preprocessed using Statistical Parametric Mapping 8 (SPM8; http://www.fil.ion.ucl.ac.uk/spm/). Region of Interest (ROI) labeling was implemented using the FreeSurfer v4.5 software package (http://surfer.nmr.mgh.harvard.edu/) to create a reference region in the gray matter of the cerebellum and to perform subsequent ROI analyses. A PIB distribution volume ratio (DVR) was calculated using Logan graphical analysis and a gray matter-masked cerebellar reference region with frames corresponding to 35-90 min postinjection (Logan et al., 1996; Price et al., 2005) .
A global PIB index representing overall A␤ deposition across the brain was calculated in each subject's native space using DVR values across frontal (all frontal regions anterior to the precentral sulcus), temporal (superior and middle temporal gyri), parietal (superior and inferior parietal cortices, supramarginal gyrus, and precuneus), and anterior/ posterior cingulate cortices. These large ROIs were created using FreeSurfer-generated anatomical ROIs in each subject's native space. Older adults were classified PIBϩ OLD if their whole-brain PIB uptake (or PIB index) was Ͼ2 SDs above the mean of a group of young adults (Mormino et al., 2012b) . Thirteen older subjects fell above this threshold of 1.08 and were classified as PIBϩ with 23 as PIBϪ.
fMRI data acquisition. Whole-brain images were acquired using a Siemens 1.5T Magnetom Avanto System (Siemens Medical Systems) at LBNL. High-resolution anatomical images were acquired with a T1-weighted volumetric magnetization prepared rapid gradient echo sequence (repetition time (TR) ϭ 2110 ms; echo time (TE) ϭ 3.58 ms; flip angle (FA) ϭ 15°; field of view (FOV) ϭ 256 ϫ 256 mm). A T1-weighted in-plane anatomical volume of 28 axial slices was acquired (TR ϭ 591 ms, TE ϭ 10 ms, FA ϭ 150°, FOV ϭ 220 ϫ 220 mm, slice thickness ϭ 3.4 mm). For the task runs, volumes of functional images were acquired using a T2*-weighted gradient-echo echoplanar images sequence (TR ϭ 2200 ms; TE ϭ 50 ms; flip angle ϭ 90°; FOV ϭ 220 ϫ 220 mm). Each functional volume consisted of 28 axial slices in the same orientation as the in-plane images. Six dummy volumes were acquired at the beginning of each functional run to allow the MR signal to reach equilibrium; these images were discarded from the dataset before image processing and analysis.
fMRI image processing and analysis. All preprocessing and statistical analyses were conducted using SPM8 (Wellcome Department of Cognitive Neurology, London, UK). Functional images were corrected for differences in slice timing. Head motion was corrected using a 6-parameter rigid body correction to realign each image to the first volume of the middle run. In-plane and high-resolution images were segmented into gray and white matter and coregistered with the mean functional image. Images were then normalized to the Montreal Neurological Institute (MNI) gray matter template brain using a 12-parameter affine registration followed by nonlinear transformations (Friston et al., 1995) . Last, images were smoothed with a Gaussian kernel of 8 mm at a full-width at half-maximum.
For the whole-brain analysis, we used the general linear model (GLM) to construct a design matrix for each individual dataset. fMRI trials were classified into four conditions (i.e., HC-HIT, LC-HIT, MISS, and no water response trials). We defined the onset times of stimulus presenta- Rates of each measure combining high and low confidence. *Classified as PIB ϩ if PIB index was greater than mean ϩ 2 SD of the PIB index of young adults. The resulting cutoff score was 1.08.
tion and modeled them with a canonical hemodynamic response function (HRF) with duration of 4.4 s. Six motion regressors were included in the design matrix as covariates of no interest to take into account of subject motion. Scan volumes for which motion parameters combining translation and rotation measures exceed 0.5 mm were additionally covaried out in the analysis (i.e., scrubbing) to minimize any motionrelated artifacts in both regional activity and functional connectivity results (Power et al., 2012; Van Dijk et al., 2012; Wilke, 2012) .
Estimated parameters (␤-values) of each condition were derived for each individual using the GLM described above (i.e., first-level analysis). The t tests were applied at the group level for comparing and contrasting task conditions and groups (i.e., second-level analysis). For within-group one-sample t tests and group contrasts between PIBϪ OLD and PIBϩ OLD groups, age was added as a covariate of no interest. Unless otherwise stated, a threshold of p Ͻ 0.05 uncorrected at the voxel level and a false discovery rate (FDR) correction of p Ͻ 0.05 at the cluster level were used to interpret the whole-brain results.
Functional connectivity analyses. We applied psychophysiological interaction (PPI) analysis (Friston et al., 1997; Gitelman et al., 2003) to examine functional coupling between the MTL and other brain areas during the HC-HIT compared with the MISS condition. Connectivity maps were produced using a GLM with an initiating seed in the right parahippocampal gyrus (rPHG). We used rPHG as a seed, because of its involvement in visual episodic encoding and the relevance of PHG to visual scene processing (Epstein and Kanwisher, 1998; Prince et al., 2009) . The rPHG was defined on the task-based contrast (i.e., HC-HIT Ͼ MISS). This seed was used to define whole-brain task-independent connectivity and the PPI, the latter of which is an interaction between the time course of the rPHG seed and the task-based regressor (Friston et al., 1997; Gitelman et al., 2003) . This interaction identifies voxels that are temporally synchronous in a task-dependent manner (i.e., stronger temporal synchrony for HC-HIT than MISS conditions). Coordinates of the rPHG seed region were determined individually and guided by group mean coordinates (x ϭ 28, y ϭ Ϫ34, z ϭ Ϫ16) when more than one peak region within rPHG was present. For each individual, we used the HC-HIT versus MISS contrast at an uncorrected threshold of p Ͻ 0.05 to find the suprathreshold voxel nearest to the peak coordinate of the group within the rPHG AAL anatomical mask (Tzourio-Mazoyer et al., 2002) . Volumes of interest (VOI) were defined as spheres with 6 mm radius.
At the subject level, a GLM for PPI analysis included the time course of the rPHG seed (i.e., the physiological component), a task-based regressor (i.e., the psychological component corresponding to HC-HIT vs MISS), and an interaction term of the cross-product (i.e., the PPI term) between the psychological component and time course of the seed. The physiological component was extracted for the VOI, corrected for variance associated with parameters of no interest (e.g., motion regressors), and deconvolved with the HRF. The psychological component was generated by convolving the contrast of the HC-HIT versus MISS with the HRF. The PPI component was derived by reconvolving the multiplication of the deconvolved physiological component and psychological component with the HRF. The PPI, the physiological component, and the psychological component were used as predictors of interest and six motion regressors were included in this GLM model as nuisance variables to account for effects of subject motion.
Estimated parameters (␤-values) of each regressor were derived for each individual using the PPI GLM described above (i.e., first-level analysis). To test group differences for PPI connectivity (i.e., brain regions showing increased coupling with the rPHG at encoding for HC-HIT compared with MISS, as assessed by the PPI regressor) and temporal connectivity (i.e., brain regions showing temporal synchrony with the rPHG activity regardless of task conditions, as assessed by the physiological regressor), twp-sample t tests were applied at the group level for the PPI regressor and the physiological regressor (i.e., second-level analysis). Unless otherwise stated, a threshold of p Ͻ 0.05 uncorrected at the voxel level and p Ͻ 0.05 FDR corrected at the cluster level for multiple comparisons were used to assess the whole-brain results.
Linking recognition performance and PPI connectivity. To explore the functional significance of regional activity and PPI functional connectivity in relation to recognition performance, mean parameter estimates from brain regions showing age and A␤-related changes in regional activity and PPI functional connectivity were extracted from suprathreshold voxels from group contrasts between young, PIBϪ OLD, and PIBϩ OLD groups using the MarsBaR MATLAB toolbox (Brett et al., 2002 ; http://marsbar.courceforge.net). These values were then used in further regression analyses with recognition index (i.e., D-prime scores) using SPSS v.20. Age and sex were controlled in the regression model.
Results

Subject characteristics
Subject data are summarized in Table 1 . PIBϩ versus PIBϪ groups did not differ on measures such as age, gender, education, and Mini Mental State Examination (MMSE). The PIBϩ group, however, had significantly more ApoE e4 carriers than the PIBϪ group ( 2 ϭ 4.9, p Ͻ 0.05). Across all subjects, recognition performance, measured as a discriminability index using D-prime scores, on the post scan memory testing did not differ across groups ( ps Ͼ 0.1). No significant difference was found with rates of hits, misses, and false alarms across groups, either ( ps Ͼ 0.5). Age and A␤ deposition differentially influence regional brain activation for successful encoding First, we examined brain regions associated with successful encoding (contrast HC-HIT vs MISS) across participants within each group (Fig. 1, Table 2 ). For young adults, successful encoding was associated with greater activity in lateral frontal and parietal cortices, bilaterally, and visual association (VA) areas spanning lateral occipital cortices and ventral temporal cortices including fusiform gyrus and PHG, bilaterally. Among subcortical regions, greater activity in bilateral hippocampus, left caudate and putamen, and right thalamus was shown. On the other hand, significantly decreased activity for successful encoding compared with forgotten trials was found in precuneus, cuneus, superior and middle temporal gyrus, and lateral parietal cortex, bilaterally. Within PIBϪ OLD, successful encoding was associated with significantly increased activations in posterior brain regions including inferior temporal gyrus, fusiform gyrus, inferior and middle occipital gyrus, and PHG, and the inferior frontal gyrus, bilaterally. Significantly increased activity was also found in hippocampus bilaterally. Similar to young adults, successful encoding was accompanied by significantly decreased activity compared with forgotten trials in precuneus, cuneus, superior and middle temporal gyrus, lateral parietal cortex, bilaterally as well as middle cingulate cortex. Within PIBϩ OLD, significantly increased activations in association with successful encoding were found in the lateral frontal and parietal cortices, bilaterally, VA areas including lateral inferior temporal cortex, fusiform gyrus, and PHG, bilaterally, and anterior cingulate cortex. Greater activity was also observed in subcortical regions including hippocampus bilaterally, right caudate, and thalamus bilaterally. No voxels, however, showed significantly decreased activity for successful encoding. Across all groups, inferior temporal cortices, ventral temporal cortices spanning fusiform gyrus and PHG, hippocampus bilaterally, and inferior and middle occipital cortices bilaterally, and bilateral frontal cortex showed increased successful encoding activations. Next we examined age and A␤-related differences in activation for successful encoding. By comparing young and PIBϪ older adults, a significant age-related decrease in activation for successful encoding was found in left inferior parietal cortex, middle occipital gyrus bilaterally, right inferior and middle frontal gyri, and left putamen. A significant age-related increase in activation for successful encoding was found in cuneus bilaterally, left calcarine gyrus, and left pre/postcentral gyrus, and left precuneus (Fig. 2a, Table 2 ). For comparisons between PIBϪ OLD and PIBϩ OLD, A␤-related increases in activation during successful encoding were found in the right hippocampus, left anterior cingulate cortex, right middle cingulate cortex, right middle frontal cortex, lateral parietal and occipital cortex, pre/ postcentral gyrus bilaterally, right lingual gyrus, calcarine gyrus bilaterally, putamen, and thalamus bilaterally. No suprathreshold voxels were found with the opposite contrast (Fig. 2b, Table 2 ).
Age and A␤ deposition differentially influence memory encoding-related PPI connectivity First, we identified age-related differences in functional connectivity by examining the PPI between the rPHG and other brain regions that show stronger temporal synchrony for HC-HIT than MISS. Comparing young and PIBϪ older adults, a significant age-related increase in PPI connectivity was found in inferior frontal gyrus bilaterally, left pre/postcentral gyrus, left caudate and putamen, and right anterior cingulate cortex ( p Ͻ 0.05, at the cluster level, corrected for multiple comparisons). No suprathreshold voxel was found with the opposite contrast (Fig. 3a) . Next, we examined A␤-related differences in PPI functional connectivity. Compared with PIBϪ OLD, PIBϩ OLD showed lower PPI connectivity between the rPHG and other brain regions including the left fusiform gyrus, middle occipital gyrus bilaterally, right superior parietal lobule, right middle frontal gyrus, left superior medial gyrus, and left pallidum (Fig. 3b) . A detailed list of peak coordinates showing significant age and A␤ effects on encoding-related PPI connectivity with the rPHG is provided in Table 3 .
Stronger PPI connectivity is associated with better recognition performance in older adults without A␤ deposition We examined whether age and A␤-related differential activity and connectivity relate to individual differences in recognition performance in older adults. We conducted two multiple regressions using parameter estimates of suprathreshold clusters identified by the regional activity and PPI connectivity contrast between YOUNG and PIBϪ OLD (i.e., parameter estimates averaged over all suprathreshold voxels in Figs. 2a and 3a , respectively) as predictors with recognition performance as the depen- Figure 2 . Effects of age and A␤ deposition on brain activity for successfully encoded (HC-HIT) versus forgotten items (MISS). a, Age-related differences in brain activity for successfully encoded versus forgotten items. Suprathreshold regions are overlaid on the inflated cortical surface in MNI space. The color scale represents t values with warm colors indicating significantly increased activity in young subjects compared with PIBϪOLD for successfully encoded items compared with forgotten items. b, A␤ deposition shows greater brain activity for HC-HIT than MISS conditions. Suprathreshold regions are overlaid on the inflated cortical surface in MNI space. The color scale represents t values with warm colors indicating significantly increased activity in PIBϩ OLD compared with PIBϪ OLD for successfully encoded items compared with forgotten items. No region shows significantly increased activity in PIBϪ OLD compared with PIBϩ OLD adults in the same contrast. Maps show suprathreshold regions significant at p Ͻ 0.05 voxel level, with FDR correction at p Ͻ 0.05 at cluster level for multiple comparisons across the whole-brain volume. L, left hemisphere; R, right hemisphere. dent measure. Age and sex were added in each model as covariates. As depicted in Figure 4a , the degree of PPI connectivity between rPHG and other brain regions was positively related to recognition performance in older, PIBϪ individuals (␤ ϭ 0.44, p Ͻ 0.05). The regional activity in brain regions showing agerelated decreases, however, was not related to recognition performance (␤ ϭ Ϫ0.05, p Ͼ 0.5; Fig. 4b) .
Next, we assessed the association between recognition performance and regional activity and PPI connectivity of brain regions showing an A␤ effect in PIBϩ older adults. Using a similar multiple regression model, parameter estimates of suprathreshold clusters identified by the regional activity and PPI connectivity contrast between PIBϪ OLD and PIBϩ OLD (i.e., parameter estimates averaged over all suprathreshold voxels in Fig. 2b and Fig. 3b , respectively) were included as predictors with recognition performance as the dependent measure. Neither PPI connectivity (Fig. 4c) nor regional activity (Fig. 4d) was associated with recognition performance in PIBϩ OLD adults.
Task-independent time course connectivity decreases with advanced age Given the age-related increases in taskdependent functional connectivity between rPHG and PFC in the present study, we examined whether task-independent functional connectivity in our sample replicates previous findings showing age-related decreases in functional connectivity mainly obtained during the resting state (Damoiseaux et al., 2008) . To assess temporal synchrony between the rPHG and other brain regions independent of the task main effect (as measured by the psychological term) and interaction (as measured by the PPI term), mean time course functional connectivity maps were generated based on the time series regressor of the rPHG seeds by age group. When we assessed the age effect on the temporal connectivity, young adults, compared with PIBϪ OLD, showed stronger temporal connectivity of the rPHG with frontoparietal regions spanning the bilateral middle and inferior PFC, anterior cingulate, and precentral cortices, as well as bilateral parietal cortices, precuneus, and occipital cortex (Fig. 5) . No suprathreshold voxel was found with the opposite contrast. When we examined the effect of A␤ deposition on the connectivity, no differences were seen between PIBϩ OLD and PIBϪ OLD. A detailed list of peak coordinates showing a significant age-effect on temporal connectivity with the rPHG is provided in Table 3 .
Effect of ApoE genotype
To explore the possible influence of ApoE genotypes on the observed relationships between A␤ deposition and regional brain activity and functional connectivity, we conducted whole-brain analyses using multiple regressions with PIB group membership (PIBϩ vs PIBϪ OLD), ApoE genotype (ApoE4 carriers vs noncarriers), and an interaction term of PIB group and ApoE genotype, as predictors of interest. Contrast maps (i.e., HC-HIT vs MISS) and PPI connectivity maps were used as dependent measures for regional activity and functional connectivity analyses, respectively. Age was added as a nuisance covariate. In the whole-brain analysis on PPI connectivity, we found a significant interaction between PIB group and ApoE4 status mostly in posterior brain regions including the precuneus and temporoparietal cortices bilaterally, which is depicted in cool colors in Figure 6a . For regional activity, a significant interaction between PIB group and ApoE4 status was found in the right inferior frontal gyrus and precentral gyrus, which is depicted in cool colors in Figure 6b . These regions showing an interaction between PIB group and ApoE status, however, did not overlap with the regions showing significant associations with PIB status for both PPI connectivity and regional activity measures as identified by separate GLMs described previously and depicted in Figures 2b and 3b . For comparison purposes, the regions identified in Figures 2b and 3b are overlaid as warm colored regions in Figure 6a and b, respectively.
Using a two-way ANOVA with ␤-values from the suprathreshold regions showing an interaction between PIB group and ApoE4 status (i.e., brain regions depicted in cool colors in Fig.  6a,b) and a main effect of PIB group (i.e., brain regions depicted in warm colors in Fig. 6a,b) , ROI analyses further confirmed regional dissociations between brain regions showing a significant interaction between PIB group and ApoE4 status and a main effect of A␤ deposition. For brain regions showing an interaction on functional connectivity, no main effect of PIB group was found, F ϭ 0.81, p ϭ 0.37, but a main effect of ApoE4 status and an interaction were significant: ApoE4 status, F ϭ 14.68, p Ͻ 0.001; PIB group * ApoE4, F ϭ 18.16, p Ͻ 0.001 (Fig. 6c, left) . Brain regions showing the main effect of A␤ deposition on PPI connectivity, however, showed neither effect of ApoE genotype nor interaction with PIB group membership: PIB group, F ϭ 7.42, p ϭ 0.01; ApoE4 status, F ϭ 3.03, p Ͼ 0.05; PIB group * ApoE4, F ϭ 0.01, p ϭ 0.94 (Fig. 6c, right) . A similar pattern of results was found with regional activity data. For brain regions showing an interaction on regional activity, only the interaction between PIB group and ApoE genotype was significant, but no significant main effect of PIB group and ApoE genotype was found: PIB group, F ϭ 1.36, p ϭ 0.25; ApoE4 status, F ϭ 1.26, p ϭ 0.30; PIB group * ApoE4, F ϭ 9.22, p ϭ 0.005 (Fig. 6d, left) . Brain regions showing the effect of A␤ deposition on regional activity, however, revealed only the significant main effect of PIB group, but neither effect of ApoE genotype nor interaction with PIB group membership: PIB group, F ϭ 16.58, p Ͻ 0.001; ApoE4 status, F ϭ 0.28, p ϭ 0.76; PIB group * ApoE4, F ϭ 0.01, p ϭ 0.93 (Fig. 6d, right) .
Discussion
In this study we examined how age and fibrillar A␤ deposition affect regional activity, functional connectivity (both task dependent and task independent) and behavior. Several key findings (2) we found that older adults exhibited greater taskdependent functional connectivity while experiencing agerelated decreases in regional activity and task-independent connectivity, (3) this age-related increase in task-dependent functional connectivity was present only in older adults who do not harbor A␤ deposition and was associated with better recognition performance. None of these findings were explained by ApoE genotype.
Effects of age
Age-related decreases in regional activity during episodic encoding are often found in the posterior brain regions that are specialized for processing visual information (Grady et al., 1999; Gutchess et al., 2005; Dennis et al., 2008) . In contrast, age-related increases are often reported in PFC, which is interpreted as a compensatory mechanism for reduced activity in posterior brain regions Spreng et al., 2010) . Our findings extend these previous results by showing that with equivalent performance in episodic encoding, age is associated with decreased regional activity in posterior VA and MTL even in individuals who do not show evidence of A␤ deposition. In addition, task-independent functional connectivity was reduced in aging, consistent with reports of resting-state functional connectivity (Achard and Bullmore, 2007; Damoiseaux et al., 2008; . Considering the importance of PFC and MTL interactions in memory shown in both animal and human studies (Simons and Spiers, 2003) , age effects on functional connectivity during memory have been investigated particularly between these regions (Cabeza et al., 1997; Grady et al., 2003; Daselaar et al., 2006; Dennis et al., 2008) . We found that, compared with young adults, PIBϪ older adults exhibited stronger connectivity for successful encoding between the rPHG and the lateral frontal cortices, the right anterior middle frontal gyrus in particular, in the presence of age-related decreases in task-independent functional connectivity. The anterior part of middle frontal gyrus has been considered as a part of the dorsal attention network and implicated in top-down control processes (Vincent et al., 2008) . More importantly, this increased task-dependent functional connectivity was further associated with individual differences in recognition performance in PIBϪ older adults, which is consistent with previous reports in young adults showing that top-down modulation exerted by the engagement of PFC on the posterior VA areas and MTL relates to better performance in working memory with visual scenes (Gazzaley et al., 2007) and episodic encoding (Dickerson et al., 2007) . Therefore, our findings of agerelated increases in task-related frontotemporal functional connectivity provide strong evidence for a compensatory mechanism by demonstrating both age-related differences in neural function without performance differences, and associations with individual differences in behavior among the older group (Grady, 2012) .
Effects of fibrillar A␤
In patients with AD and Mild Cognitive Impairment (MCI), aberrant increases in activity, particularly in the MTL, have been . Association between recognition accuracy and differential brain activity for PIBϪ OLD and PIBϩ OLD. a, In PIBϪ OLD, better recognition accuracy was related to stronger PPI connectivity between regions that showed an age-related increase in PPI connectivity as depicted in Figure 3a . A scatterplot illustrates the positive relationship between recognition accuracy and averaged parameter estimates of clusters showing significantly stronger PPI connectivity in PIBϪ OLD than young subjects during successful memory encoding. The relationship between recognition accuracy and parameter estimates was statistically significant, ␤ ϭ 0.44, p Ͻ 0.05, controlling for age and sex. b, The regressions between regional brain activity showing age-related decreases, as depicted in Figure 2a , and recognition accuracy, however, were not significant (␤ ϭϪ0.05, p Ͼ 0.5), controlling for age and sex. c, d,InPIBϩ OLD, recognition accuracy was not related to either PPI connectivity in brain regions showing A␤-related reduction as illustrated in Figure 3b (␤ ϭ Ϫ0.30, p Ͼ 0.4) or brain activity in regions showing an A␤-related increase in regional activity, as illustrated in Figure 2b (␤ ϭ 0.15, p Ͼ 0.5), controlling for age and sex.
observed compared with controls (Dickerson et al., 2005) . Our whole-brain analyses confirm our previously reported ROI analysis (Mormino et al., 2012a) showing greater brain activation in multiple regions in older people with brain A␤. These findings are also consistent with other studies showing that, compared with normal controls, mildly symptomatic MCI patients show greater activity in taskpositive regions identified by the facename association task while activity in these regions decreases in more severely affected MCI and AD patients (Celone et al., 2006) . It is important to note that regional activity increases in PIBϩ OLD in the present study were observed by comparing group differences between two task conditions (HC-HIT vs MISS; rather than task-related activity compared with baseline; the latter could result in aberrant increases in blood oxygenation level-dependent fMRI signal due to A␤-related baseline changes in cerebral blood flow or neurovascular coupling (Iadecola, 2004; Fleisher et al., 2009 ). Over-recruitment of brain activity in cognitively normal older adults has been widely reported across different types of cognitive processes and includes a form of frontal overactivation in the presence of reduced activation in posterior brain regions (e.g., posterior-anterior shift in aging; PASA; Dennis and Cabeza, 2008) or reduced lateralized activation (e.g., the HAROLD model; Cabeza, 2002) . By excluding PIBϩ older adults, we found age-related reduction in brain activity for successful encoding, with A␤-related increases in brain activation. However, we cannot definitively interpret our results as suggesting that previous age-related overactivation reports reflect A␤ deposition because many different factors (including task, specific contrast, and thresholds) can affect results. While in some studies the increased activation was associated with better performance , the lack of association between activation and performance does not lead to a clear interpretation of the findings in our data.
The A␤-related reduction in task-related coupling between rPHG and other brain regions is consistent with results from transgenic mouse models showing that pathologically elevated A␤ induces aberrant neuronal activity (Busche et al., 2008 (Busche et al., , 2012 , reduced connectivity (Bero et al., 2012) , and increased asynchrony (Palop and Mucke, 2010; Roberson et al., 2011) and from human neuroimaging studies showing reduced functional connectivity associated with A␤ deposition during the resting state (Sorg et al., 2007; Sheline et al., 2010a) . Our findings extend previous studies by showing that A␤ deposition disrupts not only resting-state functional connectivity of the DMN but also task-dependent functional connectivity of brain regions engaged in EM encoding, the modulation of which is beneficial for recognition performance as shown in amyloidnegative older adults. Thus, our findings provide further evidence that A␤ deposition is related to brain disconnection in many ways, especially between the MTL and the neocortex (Greicius et al., 2004; Buckner et al., 2005) .
Our findings were not explained by the well known association between A␤ deposition and the ApoE4 allele, a genotype also associated with alterations in connectivity and brain activation (Bookheimer et al., 2000; Filippini et al., 2009; Sheline et al., 2010b; Westlye et al., 2011; Damoiseaux et al., 2012) . However, we did detect interactions between ApoE genotype and A␤ on both connectivity and activation in a different constellation of brain regions than the ones that showed the main A␤ effect. These findings are consistent with other reports that ApoE genotype and A␤ may exert independent effects on brain function (Jagust et al., 2012) .
Greater task-related regional activity in association with diminished task-dependent functional connectivity in PIBϩ subjects has alternative explanations. One possibility is that the primary dysfunction is greater regional activity reflecting A␤-related destabilized neural activity that in turn results in network desynchronization. Alternatively, the regional increase in activity may be a compensatory mechanism for the reduced connectivity across brain regions, although the lack of association between activation and performance militates against this interpretation. These alternatives are, however, not mutually exclusive; greater neural activity could be both a primary result of A␤ deposition and a response to network failure. A hypothetical model of relationships between age, A␤ deposition, regional activity, task- independent and task-dependent connectivity, and recognition performance are summarized in Figure 7 . Together the findings suggest that aging is associated with reduced regional activity and task-independent coupling, which is compensated by behaviorally relevant increases in task-dependent connectivity for successful memory encoding. Individuals with A␤, however, fail to show increases in task-related connectivity but demonstrate greater regional activity. Whether these functional alterations reflect incipient AD remains to be established, but their presence appears consistent with neural failure.
Limitations of the present study
We found no overall behavioral differences in recognition of visual scenes across groups. The lack of age-related difference in the current task may indicate that older adults in our sample may be particularly high functioning, or the task adopted for the present study may be less sensitive to age-related cognitive changes. However, the present findings are consistent with other studies showing relatively preserved item recognition of visual scenes with advanced age (Spencer and Raz, 1995; Grady and Craik, 2000) and provide evidence of neural mechanisms supporting this relatively preserved performance of item recognition in older adults.
Because this study is cross-sectional, we cannot draw definitive causal inferences because the chronological order between changes in regional activity, task-dependent and task-independent functional connectivity, and A␤ deposition are unknown. Longitudinal studies examining the sequences of these changes in the progression of AD pathology will shed light on the understanding of aging processes involving pathological changes and help in the early detection of people at risk of AD and development of prevention mechanisms.
Conclusion
Our results provide new insight into the nature of age and A␤-related changes in regional activity and functional connectivity during the encoding of new memories. At least two distinct neurocognitive mechanisms seem to be important in distinguishing episodic encoding in older adults compared with the young: a general age-related failure to engage brain regions crucial to encoding new information, such as MTL structures, and reduced taskindependent coupling across brain regions. These phenomena are accompanied by increased task-dependent functional connectivity contributing to preserved EM performance in A␤-free older adults. In contrast, older adults with A␤ deposition fail to engage taskdependent functional coupling, while recruiting more local activity to perform EM encoding equivalently to older adults without A␤ deposition. Longitudinal studies examining the temporal sequences between changes in regional activity, functional connectivity, andA␤depositionwillelucidatefunctionalre-organization during the aging process in the face of brain pathology. Figure 4a , and d. The present findings suggest differential age and A␤-related changes in regional activity and MTL-seeded connectivity during episodic encoding. Age (in the absence of A␤) is associated with failure to engage brain regions crucial to encoding new information, such as MTL structures, and also with reduced task-independent connectivity across brain regions. These changes are accompanied by increased task-dependent functional connectivity contributing to preserved EM performance in older adults. Elevated A␤ deposition, on the other hand, recruits more local activity in conjunction with the failure to engage task-dependent functional coupling to perform EM encoding equivalently to older adults without A␤ deposition. This increased regional activity is not associated with memory function. Increased regional activity and taskindependent connectivity for YOUNG compared with PIBϪ OLD are shown in green and blue, respectively, while the overlapping regions are shown in cyan; increased task-dependent connectivity for PIBϪ OLD compared with either YOUNG or PIBϩ OLD are shown in yellow; increased regional activity for PIBϩ OLD compared with PIBϪ OLD is shown in orange/red.
